The fate of sea-salt aerosols, once they are injected into the atmosphere from the ocean source, is governed by a series of physical processes such as transport, coagulation, dry and wet removal, and chemical transformation. Transport of aerosols is 3805 
Introduction
Sea-salt aerosols play a very important role in a variety of processes in the atmosphere. They influence radiative transfer directly by scattering solar radiation and indirectly by altering cloud droplet size distribution and concentration, thereby influencing the albedo of marine boundary layer clouds. In addition, sea-salt aerosol particles are chemical carriers of species containing C1, Br, I, and S and therefore play a role in the atmospheric cycles of these important elements. The halogens Br and C1, once mobilized by heterogeneous reactions from sea-salt inorganic forms to reactive gaseous forms (e.g., Br 2, C12) [e.g., Mozurkiewcz, 1995] , can play a role in atmospheric ozone depletion and destruction of light hydrocarbons [Jobson et al., 1994] .
Numerous experimental investigations of sea-salt aerosols have been conducted around the globe in order to determine their abundance and physical/chemical properties [Jacobs, 1937; Woodcock, 1953; Toba, 1965a, b; Lovett, 1978; Prospero, 1979; Podzimek, 1980; Parungo et al., 1986; Marks, 1990; Ikegami et al., 1994; McGovern et al., 1994] . Sea-salt aerosol concentration is a strong function of the state of the sea surface, which is in turn determined by meteorological conditions, especially surface wind speed. Sea-salt particles are distributed from 0.02 to 60 txm with a bimodal size distribution in the submicron portion [Fitzgerald, 1991] . Since the observations In the current version, coagulation is not included for sea-salt aerosols. However, for purposes of predicting total mass of sea-salt aerosols for comparison with observations, this is not a major drawback, since Na and C1 which dominate sea-salt aerosol mass are not affected substantially by coagulation. The aerosol model is structured in such a way that any process which affects the concentration and size distribution of sea-salt aerosols can be modified or added to the model as new or better parameterizations for such processes become available. Some detailed physical parameterizations for sea-salt aerosols will be presented in the following sections.
Aerosol Growth With Relative Humidity
Experimental evidence [Fitzgerald, 1991] where r d is the dry particle radius (centimeters), S the saturation ratio (or relative humidity), and C1, C2, C3, and C4 are parameters for different types of the aerosol particles (Table 2) . Equation (3) can be used in a relative humidity ranging from 0% to 100%.
Physical tendencies, for example, coagulation, dry deposition, gravitational settling, or wet removal, are computed for each dry size bin using the aerosol size in equilibrium with ambient water vapor. The relative humidity profile is calculated from temperature and moisture predicted by the climate model.
As the particles grow with relative humidity, the density of the particles is also altered by incorporating more water. The average density of sea-salt aerosols in each size bin is calculated based on the size difference between the dry and wet particles. The radius of the particles in equilibrium with ambient moisture is estimated by (3). 
Generation of Sea-Salt Aerosols
The generation of sea-salt aerosols has been attributed to various physical processes [Blanchard, 1983] . The most prominent mechanism is believed to be the entrained air bubbles bursting during whitecap formations due to the surface wind [Monahah et al., 1986] . Precipitation (both rain and snow) contributes to the production but only on an intermittent and local scale. A summary of various mechanisms are shown in Figure 1 .
Physically, the production of sea-salt aerosols by wind is proportional to the whitecap coverage. Continuous supply of excessive energy by the wind to the sea surface results in wave breaking. Wu [1986] developed a relationship between the whitecap coverage and wind speed by considering that the energy lost by wave breaking is balanced by the energy gained from the wind:
where W is the fraction of the sea surface with whitecap coverage, E is the energy supply rate by the wind to a unit area of the sea surface, r is the wind stress, V is the sea surface drift current, u, is the wind-friction velocity, U• o is the wind speed at 10-m level, and C lo is the wind stress coefficient which is proportional to Ul/o 2 [Wu, 1969] 
A total flux of sea-salt aerosols for each size bin is obtained by integrating this formula over the size range of this bin. This sea-salt generation model is of essential importance in setting up the lower boundary conditions for our sea-salt aerosol model. It is noted that the applicable range of radius for (5a) is 0.8-10/zm (at 80% relative humidity (RH)) within which the empirical relationships are based. It may introduce some uncertainties if it is used for the generation of submicron sea-salt aerosols. For particles larger than 10/zm, (5b) should be used with (5a). However, it generates too much big sea-salt particles at high wind speeds compared to observations and is therefore neglected in the simulation. Another mechanism of marine aerosol generation, which has not received much attention during the last 3 decades, is the production of sea-salt aerosols by wet precipitation. This mechanism is mentioned here for two reasons. First, since it is well recognized that a major self-cleaning process of the atmosphere is the removal of particles by clouds and precipitation, any attempt to model aerosol particles in the marine atmosphere without incorporating wet removal mechanism is not realistic. Second, in the case of wet precipitation, if only the removal process is considered, which is the case for all the present marine aerosol models, aerosol concentrations may be underestimated, especially near the sea surface.
Unfortunately, literature on this subject is very limited. Only two papers have been found that deal exclusively with it [Blanchard and Woodcock, 1957; Marks, 1990 ]. In the first paper, Blanchard and Woodcock [1957] suggest two mechanisms of marine aerosol generation by raindrops: (1) direct production through the impact of the rain drops and (2) from bubbles produced in the surface water as a result of impact. This process occurs when a rain drop hits the sea surface, it generates not only sea-salt aerosols and bubbles but also secondary drops due to the splash. The secondary drops fall back into the sea and generate more bubbles. It is believed that in both cases the production of bubbles is a function of droplet size [Blanchard and Woodcock, 1957] . The generation of sea-salt aerosol particles follow the bursting of bubbles. Marks [1990] Since the rain intensity was not reported in the paper, a quantitative relationship between the rain-mediated production and scavenging and wind speed can not be inferred from the paper. Therefore this mechanism of sea-salt generation is neglected in our model. One justification for this would be that in comparison to wind-generated sea-salt aerosols, this source is likely a minor one, especially considering the frequency of the precipitation. [Slinn, 1984] because of different type of snows ( which simply describes the minimum dry radius which would enable nucleation to occur upon it at a supersaturation So. The activation process has two major impacts: (1) because of the larger size of CCN they will be subject to a different removal scheme for particles with size greater than the critical radius r c and hence the size distribution spectrum of sea-salt aerosols will be modified and (2) 
where • is the rate of energy dissipation and v is the kinematic viscosity. One approximation in formulating (11) and (12) is that the cloud size spectra is replaced by an equivalent droplet radius (rcl), which is estimated by the cloud scheme of the climate model.
The final process involves the removal of the aerosolcontaining cloud droplets produced by the first two processes by large falling hydrometeors at a rate /3i [Dingle and Lee, 1973; Slinn, 1984] . Assuming that an activation rate is Ai for size range i and that a,r and /3 i are constant within the integration interval, the in-cloud processes can be expressed by following ordinary differential equations: 
In deriving (14c), an implicit assumption is made that once an aerosol particle is activated, all the particles with the same dry radius will form cloud droplets (Ai = o•), and they will be removed from the atmosphere if there is precipitation. The removal rate by large hydrometeors,/37, is calculated by setting /3i = ½(rc/) in (8). If no precipitation is experienced during the time step, the aerosol particle remains in the atmosphere and total concentration does not change.
Collection etficiency (E)
. In order to calculate the scavenging rate of aerosols or clouds by both rain and snow (equations (8) and (10)), the collection efficiency of aerosol particles by hydrometeors (E) is required. The collection efficiency is defined as the ratio of the total number of collisions occurring between droplets and particles to the total number of particles in an area equal to the droplet's effective crosssectional area. According to previous investigations [Slinn and Hales, 1971; Pilat, 1975; Wang et al., 1978; Herbert and Beheng, 1986 ], E is a result of the combined action of Brownian diffusion, inertial impaction, interception, thermophoresis and diffusiophoresis, and electric forces. Detailed formulation of these processes in an atmospheric aerosol model is a prohibi-ture of the surface roughness are considered only in the interfacial layer which is from surface to height 8. Assuming steady state, the dry deposition flux of aerosol particles through the Earth-atmosphere is expressed by Giorgi [1986] :
where nh is the particle concentration at height h and l•'dep, the particle dry deposition velocity, is given by Giorgi [1986] 
Depending on the type of snow crystals, a and X values from Table 3 are used in (16).
Dry Deposition
In modeling particle dry deposition, a two-layer hypothesis is usually assumed [Slinn and Slinn, 1981; Giorgi, 1986] . 
Observation Available for Model Validation
A summary of observational data for sea-salt aerosols is listed in Table 4 Concentration is in/•g m-3; wind speed is in meters per second. indirect scheme, that is, via bubbles. The predicted mass size distribution of sea-salt aerosol (Figure 5a ) is compared with experimental results of Marks [1990] is more dependent on the wind speed than the production of smaller ones; (2) the residence time of the larger particles is so short that they contribute only to the weight concentration of sea-salt particles near the surface of the ocean. Lovett [1978] attributed the large value to the moving ship which may generate sea-salt particles. This effect is unlikely true since samples were discarded when a tail wind was recorded. In our opinion, it may be due to the experimental method used to construct the sea-salt wind dependence. It was reported in the paper that the sampling time was from 20 to 50 hours. During the long experimental period, the wind speed might undergo substantial change. Because of the exponential relationship between sea salt and wind speed, the averaged sea-salt concentration at the averaged wind speed could be higher than an averaged sea-salt at the same averaged wind for a short time when the wind speed would not change substantially. This is clearly shown in Figure 8 According to our simulations, the dependence of total seasalt aerosols also varies with geographic locations. For four marine locations simulated in this study, the slope a ranges from 0.20 to 0.26 (Table 6 ). It seems that the climate pattern in a specific site may regulate the removal processes and hence the dependence. Even though different measuring methods may yield a difference in the absolute value of sea-salt concentrations, the dependence on wind speed should be relatively less affected. The variant slopes in Table 4 explains the less dependency of sea-salt aerosols on the wind speed.
